Continuous measurements of stem radius variation in trees are obtained with automatic dendrometers that provide time series composed of seasonal tree growth and circadian 10 rhythms of water storage and depletion. Several variables can be extracted from the raw data, such as amplitude and duration of radius increase and contraction, which are useful for understanding intra-annual tree growth, tree physiology and for performing growthclimate relationships. These measurements constitute a large dataset whose manipulation needs numerous algorithms and automatic procedures to efficiently and rapidly extract 15 the information. This paper presents a three-step procedure using two SAS routines to extract the time series describing radius variation and associate them with environmental parameters. The first routine organizes and corrects data and generates outputs in the form of files and plots to visualize the results and improve data correction (first step). The second step consists of a reclassification of the hours of contraction or expansion that 20 have been misclassified by the automatic process. The second routine classifies the daily patterns of stem variation into the three phases of contraction, expansion and radius increment and associates the environmental parameters (third step). An example of the procedure is given, with an explanation of the outputs generated. The advantages and shortcomings of the procedure and its importance for the intra-annual analyses of tree 25 growth are discussed.
INTRODUCTION
In agronomy and forestry, automatic dendrometers are frequently used to continuously 30 record growth in organs such as fruits and stems. In forestry, they measure the radial variations of stem and roots, composed of diurnal rhythms of water storage depletion and replenishment (Kozlowski and Winget, 1964; Herzog et al., 1995; Offenthaler et al., 2001 ) and tree growth (Dünisch and Bauch, 1994; Tatarinov and Čermák, 1999; Tardif et al., 2001; Bouriaud et al., 2005) . Detailed analyses of stem variation have recently been 35 obtained, providing daily patterns of radius variation, daily shrinkage and their duration. These parameters are becoming very useful for understanding the growth dynamics of trees (Deslauriers et al., 2007a; Giovannelli et al., 2007; Drew et al., 2008 Drew et al., , 2009a Turcotte et al., 2009 ). However, algorithms are necessary in order to efficiently manage the datasets and extract information from the raw data. The huge numbers of records 40 produced by measuring radius variation in continuum (after one year of hourly measurements, a single dendrometer produces 8760 data points) obviously encourage the development of programs that automatically manage these data.
The extraction of stem radius variation throughout the year is the first step to obtain time series that can be used for studying intra-annual tree growth. In data analysis, two 45 approaches can be identified: (i) extracting one value per day (mean or max) from the time series (Tardif et al., 2001; Bouriaud et al., 2005) , or (ii) considering the patterns of stem shrinking and swelling (Herzog et al., 1995; Downes et al., 1999) . In the latter approach, the three distinct phases of contraction, expansion and stem radius increase are isolated and analyzed separately. The three phases approach is a reduction of the five 50 phases of the diurnal courses of the flow through the stem and the related changes in stem radius as defined by Herzog et al. (1995) . The three phases approach was proposed by Downes et al. (1999) as it was computationally simpler that the five phases approach and therefore it is better suited for a signal processing application. Both approaches calculate very similar series of stem radius variation, although higher amplitude can be calculated 55 with the stem cycle approach as a cycle can last for more than one day (Deslauriers et al., 2007b) . Specific parameters, such as stem shrinkage, hours and rates of stem increment (Deslauriers et al., 2007a; Drew et al., 2008) , or other variables characterizing the cycles (Turcotte et al., 2009) , can only be obtained with the stem cycle approach.
During the last years, intra-annual time series characterizing stem radius changes have 60 been used in a wide variety of studies. For instance, maximum daily shrinkage (MDS) is a suitable indicator of changes in plant water status and water stress (Conejero et al., 2007; Giovannelli et al., 2007; Ortuño et al., 2009) . Stem radius increment (R) has been more widely used as it represents an estimation of tree growth and correlates with physiological or environmental parameters. In a high-altitude environment in the Italian 65
Alps, R was directly linked with precipitation and sap flow during the night (Deslauriers et al., 2007a) . In eucalyptus trees, temperature was correlated with the rates of R highlighting the importance of temperature in determining the rate of metabolic growth processes (Drew et al., 2008) . Other tree-ring studies using intra-annual series of stem radius change include radial variation in wood properties (Wimmer et al., 2002; Bouriaud 70 et al., 2005; Drew et al., 2009b) .
This paper presents a three-step procedure using SAS routines based on the stem cycle approach. The procedures include appropriate algorithms for the phase and cycle divisions in order to extract the parameters describing stem radius variation and associate them with the meteorological variables. The stem cycle approach and the application 75 process will be described with an example. The most relevant analyses that can be obtained with these SAS routines and their importance in different fields are then outlined.
ANALYTICAL APPROACH 80
The stem cycle approach provides an accurate assessment of the components of the diurnal stem cycle: phase duration (hour) and stem radial variation, defined as stem radius increment (∆R, mm) and maximum daily shrinkage (MDS, mm) (Fig. 1) . The extraction of these components is performed by dividing the stem cycle into three distinct phases (Downes et al., 1999 modified by Deslauriers et al., 2007a as follows: contraction 85 (i), the period between the morning maximum and afternoon minimum; expansion (ii), the total period from the minimum to the next morning maximum; stem radius increment (iii), part of the expansion phase from the time when the stem radius exceeds the morning maximum until the subsequent maximum (Fig. 1) .
The difference between the expansion maximum and the onset of stem radius increment 90 represents the positive stem radius increment (∆R+). When the previous cycle maximum is not reached, a negative stem radius increment (∆R-) is calculated but no stem radius increment phase is defined (Fig. 1) . Maximum daily shrinkage (MDS) is calculated as the difference between the morning maximum and afternoon minimum. The duration (hour) of each phase can also be calculated. The environmental parameters are then processed 95 following the whole cycle division. For instance, for each cycle, the mean temperature occurring during the contraction phase can be coupled with the corresponding value of MDS (Deslauriers et al., 2007a) . 
DESCRIPTION OF THE APPLICATION PROCESS
A three-step procedure, composed of two SAS routines, was developed to analyze hourly automatic dendrometer data (Fig. 2) . The first step includes an SAS routine that imports the measurements and automatically separates the decreasing and increasing patterns of stem size over time (Step 1, Fig. 2 ). In the imported time series, there may be missing 105 data, so an ARIMA procedure is used to fill the few missing records (less than 25 hours).
As the raw cycles present some irregularities, automatic corrections are made to smooth the pattern of stem increase and decrease. For example, as shown in figure 3 , one or a few hours of measurements are increasing in the middle of the contraction phase or are decreasing in the middle of the expansion phase. These small variations are normal 110 reactions of the tree but create problems for the division of the cycle. In order to remove most of the unwanted variations, a smoothing function is applied by the EXPAND procedure. This procedure uses the classical decomposition methods that separate a time series into four components: trend, cycle, seasonal, and irregular components (SAS Institute Inc., 2009). The trend and cycle components are then combined and used in the 115 analysis instead of the raw data. The degree of smoothing can be determined by users depending of their input data and dendrometer precision. A higher smoothing degree reduces the cycle amplitude and can affect the results of the analysis (MDS, R and duration of the cycle). The smoothing degree should therefore be chosen with care and be as low as possible. 120
At the end of the first routine, dataset and plots are created to verify the results and provide an option for manual corrections if necessary (Step 2, Fig. 2 ). As smoothing does not completely correct the cycles, manual intervention is essential. These corrections consist of a reclassification of the hours of contraction or expansion that have been misclassified: measurements are not changed. The corrections are performed by looking 125 at the weekly plots and changing the cycle classification in a newly created file. During the period of summer transpiration and when the tree is actively growing, very few corrections are necessary. In contrast, during winter, corrections are more complicated to make as stems and roots undergo wide or small radius variations following freeze-thaw or very cold periods, respectively (Turcotte et al., 2009) . 130
The third step calculates all components of the cycle, to associate environmental parameters and export the final results (datasets) by using the second SAS routine (Fig.  2) . As the data have been smoothed and corrected in the first two steps, this routine is straightforward and directly calculates each phase of the cycle (phase 1-3) and a summary of the whole cycle (phase 4). 135
EXAMPLE OF THE THREE-STEP PROCEDURE
Step 1: Cycle definition and automatic data correction The first step imports raw hourly measurements organized like the example in table 1 by using the first SAS routine (see appendix A). The input files have to be located in a folder named DendroUQAC created in c:\. An input file contains three descriptive variables 140
[Year, DOY (day of the year), Hour] and one variable containing the measurement (Dendro1) and is saved as tab-delimited file filename.txt using dot as decimal separator. All missing data have to be replaced by a dot. It is recommended to build one file per year and tree.
Routines are executed in Batch mode by right-clicking the SAS file containing the routine 145 and selecting Batch Submit from the pop-up menu. After the Batch Submit, a window asks the name of the file (without the .txt extension), the smoothing degree and the days to enlarge (written in DOY). The smoothing degree can vary between 1 and 10 (with 1 representing no smoothing) and is pre-set to 4 as this represents a medium degree of smoothing. The day-to-enlarge option generates a graph plotting the raw data and the 150 smoothed curve (Fig. 3 ). In the example of Fig. 3 , a 4-degree smoothing was used to remove the irregular component of the radial variations in Picea mariana stem. During the contraction phase on June 19 2008, a small increase in the radius was measured between 1400 and 1500. If not removed, this irregularity would create an expansion phase and the definition of a new cycle. Similar irregular variations also occurred in the 155 contraction and expansion phases on June 20 and June 22, respectively. The four-degree smoothing could change the timing of the transition from expansion to shrinkage. On June 21, the contraction phase occurred one hour later in the raw data compared to the smoothed data. The smoothing must be chosen according to the balance between the amount of manual corrections and the accuracy of the results. Afterwards, the contraction 160 and expansion phases are identified by using the trend-cycle component instead of the raw data ( Fig. 3 ).
At the end of the routine, a folder is generated, named as the input file (filename), including two folders (partial_filename and plots_filename) that contain a dataset (Tab.
2) and plots. The dataset p_filename.txt contains the trend-cycle component (Dendro2), a 165 variable classifying the phases of contraction and expansion (Phase) and additional descriptive variables of date (Days, DH, Week and Date). The variables named Days and DH are unformatted numbers representing date and date-hour, respectively (Tab. 2). The routine generates a HTML-file that references gif-format images. The plots are automatically displayed when viewing the body file in a browser. The plots show the 170 comparison between raw data and smoothed curve (Fig. 3) , the seasonal pattern of the whole year (Fig. 4) , and hourly measurements of each week (week 36 is shown as an example in Fig. 5 ).
Step 2: Manual data correction
As the automatic correction with the EXPAND procedure doesn't remove all irregular 175 radius variation, a manual correction of the phase classification has to be performed as described in the following example. On September 4 th , a new cycle began with the initiation of the contraction phase and lasted from 1100 to 1800 when the expansion phase began (Fig. 5 , Tab. 2). However, within the period of expansion, lasting from 1900 on September 4 until 1200 on September 5, two hours of contraction occurred at 0900-180 1000. The maximum clearly occurred at 1200 and not at 1000. Therefore, a correction is applied in a newly created copy of the file p_filename.txt, that must be named p_filename_2.txt, to reclassify the measurements at 0900-1000 by changing label 1 with 2 in the phase column (Tab. 2).
This step requires the user's judgement to decide the definition of the cycle, as a few 185 hours of contraction or expansion can represent either an irregularity or an important variation. For example, a contraction lasting only 3 hours was measured on September 6 between 1000 and 1200 ( Fig. 5 ). This small contraction occurred between two rainy events (data not shown) and should be maintained.
Step
3: Calculation of variables and association with environmental parameters 190
The third step uses the second SAS routine (see appendix B for codes) to analyze the modified file p_filename_2.txt and associate environmental parameters (Fig. 2) . The names of the folder created in the first step and the dataset containing weather data (located in the folder DendroUQAC) are asked for in an opening window after Batch Submit. Table 3 presents an example of a file containing 4 environmental parameters. The 195 first three columns (Year, DOY and Hour) are the same as in table 1. Two environmental parameters then follow describing mean hourly temperature (Temp) and hourly sum of precipitation (P). The rest of the environmental parameters are named parm3 to parm8 and can be decided by the user. In table 3, relative humidity and soil temperature were inserted in parm3 and parm4, respectively. The dataset is saved as a tab-delimited file. 200
All missing data have to be replaced by a dot.
At the end of the third step, a new folder (final_filename) including five files is generated. The files contain information on each phase [contraction (phase1), expansion (phase2), stem radius increment (phase3)] and a summary of the whole cycle (phase4) with phase duration (Nb) and variables concerning the radius variations (MDS, DeltaR, Exp and 205 SumdeltaR). The environmental parameters represent average (Temp, Parm3-Parm8), sum (P), minimum (Tmin) and maximum (Tmax) values (output of the file filename_phase1.txt is reported in Tab. 4).
The radius variations extracted by this three-step procedure are illustrated for a Picea mariana (Mill.) B.S.P. tree growing in the boreal forest (Québec, Canada) in 2008 (Fig.  210 6). The R variations vary around zero as net increase or decrease of the radius can occur (Fig. 1) , while variation of the MDS is only positive. The curve representing the sum of the R shows the increase of stem radius occurring between June and August and two plateaux in spring and autumn when the tree is not growing (Fig. 6 ).
215

CONCLUSIONS Advantages and shortcomings of the procedure
One of the main advantages of this method is the substantial amount of data that can be managed, analyzed and visualized. Moreover, as the stem cycle approach enables the decomposition of the cycle into different phases, several variables can be calculated and 220 further analyzed. The method described in this manuscript only represents the first step of data analysis and further investigations are required to compare radius variation with environmental or physiological factors. In the third step of this procedure, the calculated radius variations were associated with the environmental conditions occurring during each phase which make growth-climate relationships possible (Downes et al., 1999; 225 Deslauriers et al., 2003b 225 Deslauriers et al., , 2007a Drew et al., 2009a) . Moreover, contraction and increment rates can be calculated dividing the radial variations by their durations. Rates and durations or radial variations are important features when assessing and comparing growth between species, years or sites (Deslauriers et al., 2007b; Giovannelli et al., 2007; Drew et al., 2008 Drew et al., , 2009a . 230
This procedure also provides the opportunity to go beyond the growing season, by extending the analysis to the whole year. Important seasonal periods for tree physiology, like dormancy or rehydration, can be defined based on the characteristics of the cycles. This can be achieved by further classifying the cycles according to their duration, timings of contraction and expansion, cycle origin based on temperature and net radius variation 235 to examine their frequency distribution (Turcotte et al., 2009 ). In phytopathology, diurnal patterns of stem increment are used to identify dysfunction in the water balance of trees attacked by fungi or insects (Wullschleger et al., 2004) . This type of analysis could be improved by using the three-step procedure to calculate the cycle components. In agronomy, MDS is a reference parameter in water management for precise irrigation 240 scheduling (Goldhamer and Fereres, 2004) . The three-step procedure could allow a better detection of the trends in the MDS signal, which could eventually lead to a more precise and complete automation of irrigation management.
The three-step procedure required manual corrections to verify minimum and maximum values of cycles and to make the cycle definition consistent between trees. Interpretation 245 of MDS and R should be made with some regard to tree physiology and water status. Because of reversible stem shrinking and swelling, dendrometers have been criticized when used to measure short-term growth rates (Mäkinen et al., 2003; Zweifel and Häsler, 2001 ) but a clear understanding of the measured variations can help to discriminate crucial periods (Turcotte et al., 2009) . Users should be aware that R represents only 250 diurnal radial variation of the stem. In order to estimate tree growth, onset and ending of growth should be assessed by direct methods monitoring xylogenesis such as microcoring (Deslauriers et al., 2003a; Rossi et al., 2006) 
Importance in intra-annual analysis of tree growth and dendrochronology
An automatic dendrometer is an important instrument in the study of tree growth as it allows the assessment of radial variation of trees at high temporal (minute) and spatial 265 (micron) resolution without invasive sampling of the cambium (Downes et al., 2004) . Because of its high growth resolution, useful information can be inferred about the tree water status and physiology (Zweifel et al., 2001; Daudet et al., 2005; Zweifel et al., 2005) or tree-ring growth (Wimmer et al., 2002; Deslauriers et al., 2003b; Bouriaud et al., 2005; Deslauriers et al., 2007b) . 270
In natural environments, climate events are often punctual (a late spring frost, a snowfall during early autumn) or, sometimes, alternating with events of the opposite type (periods of drought followed by abundant rainfall). These phenomena create various difficulties when extracting a climatic signal from tree rings, as indicated by the low variation explained by dendrochronological models. Such punctual responses to climate emerge 275 only when performing analysis at very short time scales, and, because of their high resolution, automatic dendrometers are suitable to record these events. For example, when analyzing the effect of water stress in poplar, Giovannelli et al. (2007) found an immediate increase in MDS, whilst ∆R significantly decreased about 20 days later, indicating a reduction of radial growth. According to Ortuño et al. (2006) , MDS is a more 280 sensitive indicator than sap flow or stem and leaf water potential in detecting lemon tree water stress. Knowing when a precise climate event occurs and how much it affects tree growth is important when analyzing some of the ring features afterwards (i.e. density, Drew et al., 2009b) . As the science of high resolution monitoring of stem radius variation continues to develop, new perspectives to improve the accuracy of our studies about past 285 or future climate estimation with dendroclimatology are emerging. Table 4 . Output of the file filename_phase1.txt generated by the second SAS routine (Step 3). The time series calculated for phase 1 are number of hours of contraction (Nb, h), maximum daily shrinkage (MDS, mm), net positive or negative increment (R, mm), stem expansion (Exp, mm) and continuous sum of R (SumDeltaR, mm). The environmental parameters during contraction represent mean temperature (Temp, °C), mean relative humidity (Parm3, %), mean soil temperature (Parm 4), minimum temperature (Tmin, °C), maximum temperature (Tmax, °C) and total precipitation (SumP, mm). Select filename, smoothing, days to enlarge
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Step 3 and expansion (grey bars). The plot is automatically generated by the first SAS routine (
Step 1) in a HTML-file (filename.html) referencing gif-format images. The y axis has no unit as these can differ between users.
FIGURE 6
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